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Edited by Francesc PosasAbstract Members of the RecQ family of DNA helicases are
involved in the cellular response to DNA damage and are regu-
lated in the cell-cycle. However, little is known about RecQ5,
one of these members. The level of RECQ5/QE, Drosophila mel-
anogaster RecQ5, was increased after the exposure of cultured
cells to methyl-methanesulfonate. Transgenic ﬂies that overex-
pressed RECQ5/QE in their developing eye primordia showed
mild roughening of the ommatidial lattice. DNA-damaging
agents and the mei-41 mutation enhanced the phenotype caused
by RECQ5/QE overexpression. Overexpression of RECQ5/
QE perturbed the progression of the cell-cycle in response to
DNA damage in the eye imaginal discs. These results suggest
that RECQ5/QE interacts with components of the cell-cycle dur-
ing its progression in response to DNA damage.
 2006 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Drosophila melanogaster1. Introduction
BLM, WRN, and RECQL4, which are genes whose mal-
function results in the human diseases known as Bloom’s, Wer-
ner’s, and Rothmund–Thomson syndromes, respectively, have
been identiﬁed as homologues of the Escherichia coli DNA
helicase RecQ [1–3]. RecQ homologues may play important
roles in nuclear events such as cell-cycle progression, cell pro-
liferation, and maintenance of genome stability [4]. Sgs1,
which is Saccharomyces cerevisiae RecQ, is tightly regulated
throughout the cell-cycle, accumulating in S phase and barely
detectable in M and G1 phases [5]. BLM protein accumulates
to high levels in S phase, persists in G2/M phase, and sharply
declines in G1 phase [6]. DNA-damaging agents induce BLM
by an ATM-independent mechanism [7]. Members of the
RecQ family are regulated during the cell-cycle and in response
to DNA damage. However, little is known about RecQ5 pro-
tein, another member of the RecQ family.Abbreviations: MMS, methyl-methanesulfonate; PBS, phosphate-buf-
fered saline
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doi:10.1016/j.febslet.2006.11.059RecQ5 suppresses sister chromatid exchange in mouse
embryonic stem cells [8], and under the BLM function-impaired
condition in chicken DT40 cells [9]. Caenorhabditis elegans be-
comes sensitive to ionizing radiation after inhibition of rcq-5
gene expression [10]. These data suggest that RecQ5 is involved
in homologous recombination and DNA repair. Drosophila
RecQ5 exists in diﬀerent isoforms generated by alternative
splicing [11]. The nuclear and longest isoform, RECQ5/QE, is
preferentially expressed in early embryos [12], exhibits DNA
helicase activity [13], and has an evolutionally conserved RecQ
function to complement several phenotypes of sgs1 [14]. How-
ever, how RecQ5 is involved in cell-cycle regulation and in the
cellular response to DNA damage is still unclear.
In Schizosaccharomyces pombe, the overexpression of RecQ,
rqh1+, leads to increased sensitivity to DNA damage and to de-
fects associated with the loss of checkpoint control [15]. The
overexpression of RecQ may produce a prominent phenotype
and perturb cellular regulatory networks. The Drosophila sys-
tem is advantageous for studying the eﬀects of gene overex-
pression, as the expression of a gene can be induced tissue-
speciﬁcally by using the UAS-GAL4 binary expression system
[16].
In the present study we investigated whether the RECQ5/QE
protein is regulated during cell-cycle progression and in re-
sponse to DNA damage in cultured cells. Furthermore, we
generated transgenic ﬂies and examined the consequences of
overexpression of RECQ5/QE to cell-cycle regulation and to
the response to DNA damage. The results of this study further
our understanding of the role of RECQ5/QE in the cell-cycle
and in the control of DNA damage.2. Materials and methods
2.1. Drosophila strains
The HpaI-ScaI fragment of RECQ5/QE complementary DNA [12]
was inserted into the EcoRI site of pUAST [16]. Six independent trans-
genic lines were generated (UAS-Recq5qe). Drosophila stocks used in
this study were mei-41RT2 [17] and GMR-GAL4 [18] from the Bloom-
ington Stock Center and the Drosophila Genetic Resource Center at
Kyoto Institute of Technology. Canton-S or white1118 was used as a
wild-type strain. Fly cultures were maintained, and crosses were car-
ried out, at 25 C.2.2. Cell culture, fractionation of cells, and MMS exposure
S2 cells (2 · 108 cells) [19] were fractionated by using a Beckman-J6-
M1 elutriation centrifuge with a Beckman-JE-5.0 elutriator rotor.
Cell-cycle distributions were assessed by ﬂow cytometry of propidiumblished by Elsevier B.V. All rights reserved.
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exposure to methyl-methanesulfonate (MMS), the S2 cells were incu-
bated for 1 h at 25 C in medium containing 0.004% MMS, washed,
and resuspended in fresh medium lacking MMS. For cisplatin (cis-
diamminedichloroplatinum(II)) treatment, the S2 cells were incubated
in medium containing 400 lM cisplatin.
2.3. MMS treatment of larvae
MMS treatment of developing larvae was performed as described by
Boyd et al. [20]. Adults were crossed in plastic vials such that mutant
and control ﬂies were generated among the progeny. Adults were re-
moved 2 days after egg laying. One day later, 200 ll of 0.05% MMS
in water was added to the medium.Fig. 1. RECQ5/QE protein level is constant during the cell cycle. (A) Prolife
the fractions (lanes 2–7) were analyzed by immunoblotting for RECQ5/QE
activated cell sorting (middle panel). Locations of RECQ5/QE and histone H
MMS for 1 h. After incubation for the indicated periods, the cells were ha
RECQ5/QE and histone H3. (C) S2 cells were treated with cisplatin and an
described in Section 2.2.4. Immunoblot analysis
Total protein lysates were prepared in SDS–PAGE sample buﬀer,
and 30 lg protein was separated by SDS–PAGE and analyzed by
immunoblotting as described previously [12]. For histone H3 detec-
tion, anti-histone H3 antibody (1:200 dilution, Upstate) was used.
2.5. Scanning electron microscopy and analysis of imaginal discs
Flies were prepared for scanning electron microscopy as described
earlier [21]. Imaginal discs dissected from late third instar larvae were
ﬁxed with 4% formaldehyde, and then stained overnight at 4 C with
either anti-RECQ5/QE antibody [12] (1:100 dilution) or anti-phos-
pho-speciﬁc histone H3 antibody (1:200 dilution, Upstate) in 0.3% Tri-
ton X-100 in phosphate-buﬀered saline (PBS). After having beenrating S2 cells (lane 1) were fractionated by centrifugal elutriation and
(upper panel) and, histone H3 (lower panel), and by ﬂuorescence-
3 are indicated by Q and H3, respectively. (B) S2 cells were treated with
rvested and analyzed by immunoblotting by using antibodies against
alyzed by immunoblotting by using antibody against RECQ5/QE as
6940 M. Nakayama et al. / FEBS Letters 580 (2006) 6938–6942washed in PBS, the discs were incubated with secondary antibody, i.e.,
alkaline-phosphatase- or ﬂuorescein-isothiocyanate-conjugated anti-
rabbit antibody (Vector Laboratories). Samples were mounted and
examined with a Zeiss Axiophot microscope.3. Results
3.1. The amount of RECQ5/QE protein is almost constant
during the cell-cycle in S2 cells
To investigate cell-cycle regulation by RecQ5, we analyzed
the level of RECQ5/QE protein during the cell-cycle of the
Drosophila cell line, S2. S2 cell cultures in the late log phase
were fractionated by centrifugal elutriation, and the fractions
were analyzed by ﬂuorescence-activated cell sorting and immu-
noblotting. The amount of RECQ5/QE protein was almost
constant during the cell-cycle, though the protein was slightly
more abundant in the S phase (Fig. 1A).
In order to address whether S2 cells would respond to stress
by increasing their level of RECQ5/QE protein, we exposed the
cells to MMS, a DNA-damaging agent, and then measured the
amounts of RECQ5/QE by immunoblotting (Fig. 1B). MMS
exposure increased the amount of RECQ5/QE in S2 cells.
The increase began from 5 h after MMS exposure, and contin-
ued up to 20 h. Cisplatin, another DNA-damaging agent, also
increased the level of RECQ5/QE protein (Fig. 1C). These re-
sults suggest that RECQ5/QE was positively regulated in re-
sponse to DNA damage.
3.2. Overexpression of RECQ5/QE induces mild rough-eye
phenotype
As overexpression of RECQ5/QE protein may aﬀect cellular
function and the phenotype in organisms, we generated trans-
genic lines to overproduce RECQ5/QE tissue-speciﬁcally. In
GMR-GAL4/UAS-Recq5qe ﬂies, immunostaining for
RECQ5/QE showed that RECQ5/QE was indeed overexpres-
sed in the eye imaginal disc posterior to the morphogenetic fur-
row, consistent with the known activity of the GMR promoter
(Fig. 2).
The GMR-GAL4/UAS-Recq5qe ﬂies showed mild roughen-
ing of the normally smooth ommatidial lattice (Fig. 3B and
D). The number of ommatidia in the compound eye was sim-
ilar to that in the wild type. However, disarray of ommatidia
and mislocation of bristles were observed in the compound
eye of the GMR-GAL4/UAS-Recq5qe ﬂy (Fig. 3A–D). Previ-Fig. 2. Expression of RECQ5/QE by GMR-GAL4. An eye-antennal
disc from a third instar larva is shown; discs were ﬁxed and
immunostained for RECQ5/QE. Samples were processed identically,
and the images were acquired and processed identically. A. GMR-
GAL4, B. GMR-GAL4/UAS-Recq5qe.
Fig. 3. Expression of RECQ5/QE deforms the compound eye.
Scanning electron micrographs of adult compound eyes from wild-
type ﬂies (A and C) and transgenic ﬂies (GMR-GAL4/UAS-Recq5qe, B,
D, and F; GMR-GAL4,E; mei41:GMR-GAL4, G; mei41: GMR-GAL4/
UAS-Recq5qe, H). GMR-GAL4 (E) and GMR-GAL4/UAS-Recq5qe
(F) ﬂies were treated with MMS as described in Section 2. Magniﬁ-
cations: ·200 (A, B, E–H), ·800 (C and D).ous studies have shown that irradiation of developing Dro-
sophila with sublethal doses of X-ray causes a similar eye
phenotype [22] (for review, see ref. [23]).
3.3. Pathway for response to DNA damage is aﬀected by
RECQ5/QE overexpression
We sought the conditions that would enhance the phenotype
of the compound eye of the GMR-GAL4/UAS-Recq5qe ﬂies.
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(Fig. 1B), MMS may trigger a change in the expression proﬁle
of many genes, as found in yeast [24]. It is also possible that
endogenous genomic stress elicited by GMR-GAL4/UAS-Re-
cq5qe caused the rough eye phenotype. To test these possibil-
ities, we treated GMR-GAL4/UAS-Recq5qe ﬂies with MMS.
MMS treatment magniﬁed the rough eye phenotype of the
GMR-GAL4/UAS-Recq5qe ﬂy (Fig. 3F). The wild type,
GMR-GAL4 (Fig. 3E) or UAS-Recq5qe phenotype itself was
not aﬀected by MMS. Cisplatin treatment also enhanced theFig. 4. GMR-GAL4/UAS-Recq5qe eye discs shows broader and more
diﬀuse mitotic band by MMS treatment. Larvae (wild-type, A and C;
GMR-GAL4/UAS-Recq5qe, B and D) were treated with MMS (C, D)
or not (A, B). The eye imaginal discs were stained with anti-
phosphohistone H3 antibody. Arrowheads and brackets indicate the
positions of morphogenetic furrow and the posterior region, respec-
tively.rough eye phenotype of GMR-GAL4/UAS-Recq5qe (data not
shown). At the concentration of MMS used, no eﬀect was ob-
served in the viability of GMR-GAL4/UAS-Recq5qe, GMR-
GAL4, UAS-Recq5qe or the wild type. These data suggest that
DNA damage caused the rough eye phenotype of GMR-
GAL4/UAS-Recq5qe.
To investigate the involvement of the DNA damage check-
point pathway, we introduced a mutated mei-41gene into
GMR-GAL4/UAS-Recq5qe ﬂies. This gene is essential for the
DNA damage checkpoint in larval imaginal discs [17,22].
The mei-41 mutation alone was earlier shown not to cause
the rough eye phenotype [22]. Neither GMR-GAL4 alone nor
UAS-Recq5qe alone caused the rough eye phenotype when
the mei-41mutation was present (Fig. 3G). However, mutation
of the mei-41 gene heightened the rough eye phenotype of the
GMR-GAL4/UAS-Recq5qe ﬂy (Fig. 3H). These data suggest
that the normal mei-41 gene suppresses the RECQ5/QE-per-
turbing pathway(s) that led to the rough eye phenotype.3.4. RECQ5/QE overproduction perturbs cell-cycle progression
How does RECQ5/QE overproduction result in eye defor-
mation? To ascertain whether overproduction of RECQ5/QE
protein aﬀected cell-cycle progression, we examined the mitotic
cells in the second synchronous mitotic wave that occurs pos-
terior to the morphogenetic furrow. Immunolabeling using
antibody against phosphorylated histone H3, a mitotic mar-
ker, was carried out to analyze the cell-cycle in third-instar lar-
val eye discs. In wild-type discs, anti-phosphohistone H3
antibody stained a distinct and narrow band of cells in the sec-
ond mitotic wave (Fig. 4A). GMR-GAL4/UAS-Recq5qe eye
discs showed a normal or a slightly broader and diﬀuse mitotic
band (Fig. 4B). Furthermore, MMS treatment resulted in a
much broader and more diﬀuse mitotic band inGMR-GAL4/
UAS-Recq5qe eye discs (Fig. 4D), suggesting that the overex-
pression of RECQ5/QE protein interfered with the normal mi-
totic pattern in the second mitotic wave. Especially, more
mitotic cells were observed posterior to the second mitotic
wave after MMS treatment. MMS treatment enhanced the per-
turbation of cell-cycle progression in RECQ5/QE-overproduc-
ing ﬂies. These data suggest that RECQ5/QE overproduction
in the presence of DNA damage interferred with the normal
progression of the cell-cycle.4. Discussion
Here, we described that DNA damage caused by MMS in-
creased the level of RECQ5/QE in S2 cells (Fig. 1). Further-
more, the overexpression of RECQ5/QE perturbed cell-cycle
progression under the condition of DNA damage (Fig. 4).
These results suggest that RECQ5/QE produced in response
to DNA damage interacts with some component(s) of the
pathways involved in cell-cycle progression.
Ectopic expression of RECQ5/QE in compound eyes in-
duced mild roughening of the normally smooth ommatidial
lattice (Fig. 3), which roughening is characteristic for cells that
suﬀer from DNA damage [22,23]. The eﬀect of RECQ5/QE
overexpression was enhanced by DNA-damaging agents or
by the mei-41 mutation (Fig. 3). As to the overexpression ef-
fects of RECQ5/QE on cell-cycle progression, we speculate
the possibility that RECQ5/QE helicase created an aberrant
6942 M. Nakayama et al. / FEBS Letters 580 (2006) 6938–6942DNA structure to perturb progression of this cycle. RecQ heli-
cases and TopIII topoisomerase have conserved genetic, phys-
ical, and functional interactions that are consistent with a
model in which RecQ creates the aberrant DNA structure that
is resolved by TopIII [25]. Overexpression of RECQ5/QE be-
yond the level of TopIII may induce the aberrant DNA struc-
ture, whose presence might hinder the progression of
replication forks or segregation of sister chromatids. In this
case, DNA damage may trigger or stimulate the RECQ5/QE
reaction, leading to the accumulation of the aberrant DNA
structure. Under normal conditions, the aberrant DNA struc-
ture may be recognized and responded to by the mei-41 path-
way. Another possibility is that of protein–protein interaction
between RECQ5/QE and some other component involved in
cell-cycle progression. For example, RECQ5/QE or RecQ5b
binds to TopIII [26] and mdg3 gag nucleocapsid protein [27].
BLM also binds TopIII, and makes large complexes with other
proteins [28,29]. Overexpression of RECQ5/QE may disrupt
these protein complexes in the cells. As a result, the overex-
pression of RECQ5/QE may perturb cell-cycle progression or
cellular signal transduction. In this case, DNA damage might
trigger some cellular response for checkpoints and DNA repair
connected with the mei-41 pathway. These possibilities are not
mutually exclusive. Our present data provide us the hypothesis
that RECQ5/QE is regulated in response to genome stress to
coordinate DNA repair with cell-cycle progression. This
hypothesis could be further tested by biochemical characteriza-
tion of RECQ5/QE and Drosophila genetics studies, including
the overexpression of a catalytically inactive mutant of
RECQ5/QE.
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